This study evaluated the effect of two adhesive systems and four resin-based composites on the marginal sealing and cavity wall adaptation of restorations with different C-factors. Cylindrical cavities, 1 mm deep and 3 mm in diameter （C-factor＝2.3）or 2 mm in diameter（C-factor＝3） , were prepared on superficial bovine dentin surfaces. The teeth were restored with Clearfil SE Bond or Single Bond adhesive system followed by hybrid （Photo Clearfil Bright or Z100） or flowable （Filtek Flow or Estelite LV）resin composite. After thermocycling, a dye penetration test was carried out to evaluate the degree of marginal leakage and cavity-wall gap formation. Cavity-wall gap formation increased when the C-factor increased from 2.3 to 3, except for Estelite LV resin composite. In terms of marginal sealing, Clearfil SE Bond showed better performance than Single Bond. When using Clearfil SE Bond, flowable composites improved resin composite adaptation to the cavity wall compared with hybrid composites.
INTRODUCTION
Adhesive restoration placement has greatly increased in clinical practice. However, polymerization of the resin matrix phase causes the monomer to shrink when converted to polymer. In three-dimensional cavity preparations, resin shrinkage stress leads to gap formation between the filling material and cavity walls 1-3） . Such gaps and subsequent microleakage may cause postoperative sensitivity 4） and secondary caries 5） . Polymerization shrinkage stress is related to several factors, such as material properties of the resin composite 6） , cavity geometry 7） , light curing method 8-10） , and compliance of the substrate material 11,12） . When a resin bonds to the walls and floor of a cavity preparation, competition will develop between opposing walls as the restorative resin shrinks during polymerization 13） . The magnitude of this phenomenon depends on the configuration of the cavity, which has been termed as cavity configuration 14） . Configuration factor （C-factor） is defined as the ratio of bonded surface area to free-unbonded surface area of a restoration. This ratio becomes largest in box-like cavities, where there are five bonded walls and only one free surface. The C-factor has an implication for bond strength 15） and bond integrity 16） when resin composite is used to restore a tooth cavity. Recently, so-called 'two-step' adhesive systems have become the most widely used adhesives for the clinical practice of adhesive dentistry. One of these systems uses a total-etching technique with phosphoric acid. The other system uses a self-etching primer that combines tooth surface conditioning and priming into a single, simultaneous step. Both adhesive systems show good infiltration of resin into demineralized dentin 17） to form a hybrid layer and produce high bond strengths to tooth substrates 18,19） . The hybrid layer has a lower elastic modulus compared with dentin, so it is believed this may assist in relieving the curing stress created at the resin composite-tooth surface interface during polymerization 12） . In addition, the thickness of the adhesive layer may play an important role in reducing stress. A thicker adhesive layer has been demonstrated to create increased bond strength to dentin using a filled bonding system 20） . Moreover, Yoshikawa et al. 16） suggested that the combination of a flexible adhesive system and a slow-start curing method seemed to be effective in reducing polymerization shrinkage stress.
Flowable resin composite was introduced in 1996 and is a modification of resin-based restorative composite materials. It has a filler particle size similar to traditional hybrid composites but the filler load is lower 21） .
This reduction in filler provides the flowable composite with a low viscosity for insertion into a cavity and lower modulus of elasticity after polymerization. Labella et al.
22） reported that the polymerization shrinkage of flowable composites is larger than that of conventional hybrid resin com- 23） showed that the polymerization shrinkage stress of flowable composites is lower than that of conventional hybrid composites. When using a flowable composite as a lining material, its low shrinkage stress contributes to improved resin composite adaptation to the cavity wall 24,25） . However, few studies have been performed to investigate the adaptation of a bulk-filled flowable composite to a cavity 26,27） . The purpose of this study was to evaluate the effect of bonding material, filled or unfilled, and composite type, flowable or hybrid, on marginal sealing and cavity wall adaptation of restorations with different C-factors.
MATERIALS AND METHODS

Specimen preparation
The materials, components, manufacturers, and batch numbers used in this study are listed in Tables 1 and   2 . Sixty-four erupted, intact bovine lower incisors stored frozen immediately after extraction were used.
Labial enamel was ground using a model trimmer under running water to expose superficial flat dentin surfaces, and finished with wet 600-grit silicon carbide paper. Two cylindrical cavities 1 mm deep and 3 mm in diameter with a C-factor of 2.3, or 1 mm deep and 2 mm in diameter with a C-factor of 3 were prepared on the flat dentin surface of each tooth using 100-μm-grit diamond points（＃CR30, ISO 068 029, GC, Tokyo, Japan; ＃430, ISO 041 019, Shofu, Kyoto, Japan）with copious air-water spray.
Four teeth were allocated to each of sixteen groups.
Each tooth was randomly assigned to Clearfil SE Bond （Kuraray Medical, Tokyo, Japan） or Single Bond（3M ESPE, St Paul, MN, USA） （wet bonding technique）adhesive system. After curing of the adhesive, the cavities were bulk filled with one of the four resin composites which were divided into two subgroups. They were namely, hybrid composite 2-hydroxyethyl methacrylate Bis-GMA: bisphenol A diglycidyl ether dimethacrylate Procedure steps:（a）active priming;（b）gently air-dry;（c）apply adhesive;（d）gently air-blow;（e）light-cure; （f）acid-etch;（g）rinse with water;（h）blot dry , Tsukuba, Japan） . The materials were polymerized using a light intensity of 600 mW/ cm 2 for 40 seconds. The light-curing unit used was an experimental quartz-halogen light-curing unit （GC） . Light tip to resin surface distance was less than 1 mm. Light intensity at the top of the specimens was measured with a Curing Radiometer （model 100, Demetron Research, Danbury, CT, USA） . After light curing was completed, the specimens were stored in the dark for 24 hours in water maintained at 37℃. All specimens were thermocycled for 500 cycles between 5 and 55℃ with a 30-second dwell time.
Evaluation of marginal sealing and cavity wall adaptation To determine the degree of adaptation to the cavity margins and walls, a dye penetration test was performed. The dye penetration test consisted of placing 1.0％ acid red propylene glycol solution （Caries Detector, Kuraray Medical） on the margin of the restorations for five seconds, rinsed with water, and gently air-dried. Degree of dye penetration was observed using a stereomicroscope at ×20 magnification, and a photographic record of each specimen was obtained at this stage.
Specimens were cut longitudinally in half using a low speed diamond saw（Isomet, Buehler, Lake Bluff, IL, USA） , and the dye was re-applied to the cavity walls and observed to locate the presence of gaps and photographed. From the photographs, dye penetration length along the cavity margins and walls was measured using a digitizer（KD4300 model, Graphtec, Tokyo, Japan） . Degree of marginal adaptation was determined as the ratio of the margin stained with dye to the total length of the margin, and then converted to a percentage. Dye penetration along the cavity walls was calculated as a percentage of the total cavity wall length, and this was referred to as cavity-wall gap formation.
Dye penetration scores were compared and analyzed using Kruskal-Wallis test and Mann-Whitney U test.
RESULTS
Results of marginal leakage and cavity-wall gap formation are shown in Tables 3 and 4 respectively. Clearfil SE Bond showed significantly better marginal sealing compared with Single Bond in all experimental groups （p＜0.05） . The combination of Clearfil SE Bond and Filtek Flow showed complete marginal sealing for the C-factor of 2.3.
Cavity-wall gap formation significantly increased when the C-factor increased from 2.3 to 3 for Single Bond for all resin composites （p＜0.05） , except in Estelite LV group. However, there were no significant differences in marginal leakage and cavity-wall gap formation between C-factors of 2.3 and 3 for Clearfil SE Bond（p＞0.05） . Clearfil SE Bond showed significantly lower cavity-wall gap formation compared with Single Bond group when using flowable composites regardless of C-factor（p＜0.05） .
With Clearfil SE Bond, Filtek Flow and Estelite LV significantly improved resin composite adaptation to the cavity wall compared with either Photo Clearfil Bright or Z100, regardless of whether the Cfactor was 2.3 or 3（p＜0.05） . In Single Bond group, there were no significant differences among resin composite types in all groups（p＞0.05） , except in the case of cavity-wall gap formation with a C-factor of 3.
DISCUSSION
When placing light-cured resin composite into a high C-factor cavity, such as a cylindrical cavity using a bulk filling technique, competition between polymerization shrinkage and adhesion between the resin and dentin is maximized 13,14） . Cavity-wall gap formation was shown to increase by approximately 50 -110％ when the C-factor increased from 2.3 to 3, except in one situation 16） . In addition, it has been reported 28） that polymerization contraction stress increased by approximately 35％ when the C-factor increased from 2 to 3.
Flowable resin composite has a lower filler content compared with that of hybrid composite. This results in an increased proportion of resin matrix that will contribute to greater shrinkage during polymerization 22） . However, flowable composite is a low-viscosity resin material with high flow 21） . Thus, flowable composite generates a lower polymerization shrinkage stress compared with hybrid composite 23） . Moreover, a thicker adhesive resin layer has been shown to relieve the polymerization contraction stress of resin composites and improve marginal sealing
28）
. It was reported 20） that the microtensile bond strength increased as the adhesive thickness increased since this layer was believed to improve stress distribution during bond strength testing; however this may not be universally true for all adhesive materials. Zheng et al. 20） stated that it may be difficult to completely remove volatile solvents from thicker adhesive layers of bonding systems such as Single Bond, which could then lead to poor polymerization and greater porosity in the adhesive layer. The subsequent result of residual solvent and poor polymerization is lower bond strength. On the contrary, when a uniform adhesive resin layer is achieved -regardless of adhesive thickness -for materials that do not contain volatile solvents, such as Clearfil Liner Bond 2V, the bond strength was unchanged 20） . Thus, the effect of adhesive thickness on bond quality of Clearfil SE Bond was expected to produce a similar result due to its similar composition as Clearfil Liner Bond 2V adhesive.
According to the results of this study, cavitywall gap formation increased when polymerization contraction stress increased with increase in C-factor for Single Bond, except with Estelite LV resin composite.
The concept of the configuration factor would be appropriate to explain the decrease in resin composite adaptation to the cavity wall observed at a high C-factor restoration.
However, when using Clearfil SE Bond, there were no significant differences in marginal leakage and cavity-wall gap formation between C-factors of 2.3 and 3. This was believed to be due to the effect of a difference in adhesive layer thickness.
Clearfil SE Bond contains microfillers in the bonding resin, and the thickness of its adhesive resin layer has been shown to range from 40 to 200 μm
29）
. On the other hand, Single Bond produces a thin film of unfilled adhesive at 30 -40μm
30）
. The thick adhesive resin layer of Clearfil SE Bond was thus likely to absorb some of the shrinkage stresses that occurred during the light curing of the resin composites 28） . Clearfil SE Bond combined with Filtek Flow showed complete marginal sealing with a C-factor of 2.3. Furthermore, both Filtek Flow and Estelite LV with Clearfil SE Bond showed improved resin composite adaptation to the cavity wall as compared with Single Bond. However, it should be noted that a Cfactor of 2.3 is a comparatively low configuration value. Thus, it was more probable that a thick adhesive resin layer acted as a stress absorber, leading to a decrease in contraction stresses in a bulk composite restoration. Further, a high flow of the flowable composite might have taken place during the early phase of polymerization at the free-unbonded surface. Taken together, this combination contributed to compensating the contraction stress of the curing restorative material, thus allowing the resin composite to maintain adaptation to the cavity walls and hence reduce the stress at the bonded interface. Based on this conjecture, the resin composite-tooth adhesive interface was likely to resist the reduced contraction stress -thereby resulting in an improved adaptation of flowable composite to the cavity wall.
From the results of this study, flowable composite restorations with Clearfil SE Bond showed remarkably better marginal sealing and cavity wall adaptation than with Single Bond. This finding indicated the important role of the adhesive system on interfacial bond effectiveness of flowable composite to a dentin cavity.
It has been reported that the microleakage of low-viscosity, resin-based composite or flowable composite -as a liner 29） or restorative material 27） -was found to strongly correlate to the adhesive system used. This is probably due to the difference in bond mechanism of the two adhesive systems.
By means of an adhesive system that uses a separate etching step with phosphoric acid, the resinimpregnated layer or resin-reinforced demineralized dentin produced between the cured resin and unaltered dentin is thicker than that created by a selfetching adhesive system. Senawongse et al. 31） and Tsuchiya et al. 32） reported that the hybrid layer of Single Bond is about 3 -5 times thicker than that of Clearfil SE Bond. However, the thick hybrid layer of Single Bond was not able to reduce gap formation. On the other hand, the thin hybrid layer of Clearfil SE Bond showed excellent marginal sealing and cav-ity wall adaptation. Although the thickness of the adhesive layer at the cavity margin might be minimal, the leakage was also very slight when Clearfil SE Bond was used. These findings are in agreement with an earlier study showing that the bond strength between resin and dentin was independent of hybrid layer thickness 33） . Differences of marginal sealing and cavity wall adaptation may be caused by differences in the adhesion and thickness of the adhesive layer of different materials. Hybrid layer thickness may be less important for resin composite adaptation to the cavity wall. The quality of hybrid layer, rather than quantity, is thought to be the more important factor in obtaining a good resindentin bond 34） . In the case of an adhesive system that uses an etching agent, the bonding material may not fully infiltrate into the collagen fibril network of the demineralized dentin. Failure of resin to adequately penetrate the collagen network in deeply etched dentin will produce a porous zone at the hybrid layer base, thereby resulting in a weak zone that is susceptible to degradation of the resin-dentin bond 35） . On the other hand, the self-etching primer system seems to allow the bonding resin to completely penetrate the demineralized dentin after application. Thus, the self-etching primer system provides a high-quality resin-impregnated layer that is thought to be responsible for good adhesion between the bonding system and tooth cavity wall as well as contributing to a strong bond to resist the forces of polymerization contraction.
Reduced filler loading of flowable resin composite results in a lower modulus of elasticity compared with more highly filled materials
22）
. When a highmodulus, rigid material is bonded to tooth substrate, its bonding interface may be separated under repeated occlusal loading stress especially in cervical cavities. On the other hand, a low-modulus material allows a little more flexibility of the bonded interface 11） .
This helps to relieve the polymerization shrinkage stress of the resin composite material, and enable the bonded interface to withstand deformation under repeated occlusal loading and thermal stress. Indeed, Kubo et al. 27） reported that there was no deterioration of the marginal integrity of flowable composite restorations at the cementoenamel junction after 10,000 flexural load cycles.
From the outcome of this work, the flowable resin composite seemed to be useful in cervical or root surface restorations -of which the area is a high stress concentration site in a tooth. The findings suggested that flowable resin composite was useful in reducing marginal leakage and gap formation in cavities with a C-factor of 2.3 or 3. Nonetheless, further study needs to be done to investigate the influence on restorations with different C-factors.
CONCLUSION
Marginal sealing and cavity wall adaptation of resinbased composite restorations were dependent on both the adhesive system and composite type. A flowable composite restoration in association with Clearfil SE Bond significantly increased marginal sealing and wall adaptation as compared with Single Bond. Increased C-factor contributed unfavorably to a negative effect on the bonded interface of an unfilled adhesive system such as Single Bond, as compared with a filled system such as Clearfil SE Bond system.
